Background: Nitric oxide (NO) is an important vascular signalling molecule. NO is synthesised endogenously by endothelial nitric oxide synthase (eNOS). An alternate pathway is exogenous dietary nitrate, which can be converted to nitrite and then stored or further converted to NO and used immediately. Atherosclerosis is associated with endothelial dysfunction and subsequent lesion formation. This is thought to arise due to a reduction in the bioavailability and/or bioactivity of endogenous NO. Aim: To determine if dietary nitrate can protect against endothelial dysfunction and lesion formation in the ApoE -/-mouse fed a high fat diet (HFD). 
Introduction
Nitric oxide (NO) is an important vascular signalling molecule that plays a major role in the control of vascular function and tone, as well as the prevention of atherosclerosis and cardiovascular disease (CVD). 1 There is substantial epidemiological evidence to suggest that a diet rich in fruits and vegetables has beneficial effects on CVD. 2, 3 Vegetables are a major source of dietary nitrate and there are several clinical trials demonstrating beneficial effects of dietary nitrate on both blood pressure and vascular function. [4] [5] [6] The majority of the body's NO is synthesized endogenously, while dietary nitrate provides an alternate source. 7 Within the body, NO is produced by endothelial cells via conversion of L-arginine to citrulline by endothelial nitric oxide synthase (eNOS). Once released, NO diffuses to the underlying smooth muscle layer, stimulates production of cyclic guanosine monophosphate (cGMP), which results in changes to intracellular calcium concentration and subsequent relaxation of the vessel wall. 8 Dietary nitrate, found predominantly in green leafy vegetables, represents an alternate source of NO. It is well absorbed, and approximately 25% is then secreted into the saliva and 20% of this (~5% of ingested nitrate) is converted to nitrite in the mouth. The nitrite is then swallowed and absorbed where it can have direct vasodilatory effects or be stored to act as a pool of NO. 7, 9 This nitrate-nitrite derived NO pool represents a NOS-independent pathway that can be used to supplement endogenous NO supplies or replace them when they are compromised.
Atherosclerosis is characterised by a build up of lipid in the vessel wall, which coupled with macrophage accumulation, inflammation and oxidative stress, results in lesion development and plaque formation. 10 Endothelial dysfunction is an early risk factor for CVD and is thought to be one of the initial steps in the development of atherosclerosis. 11 Damaged endothelial cells have been shown to express selective adhesion molecules and the subsequent adhesion of monocytes can further suppress the release of NO. This continual build up of monocytes and macrophages, coupled with lipid accumulation in the vessel wall not only contributes to plaque formation, but also reduces vessel diameter, further exacerbating endothelial dysfunction. 10, 12 There is very little data available on the effects of dietary nitrate on the development of atherosclerosis. A previous study in cholesterol fed rabbits observed that supplementation with L-arginine, the precursor to eNOS derived NO, improved endothelial function and blocked the development of atherosclerotic plaques. 13 This L-arginine supplementation was also shown to increase macrophage apoptosis in intimal lesions 14 , while another study suggested that NO signalling in monocytes plays a role in plaque stability. 15 More recently, a study in the LDL receptor knockout mouse found no improvements in blood pressure or atherosclerosis following high dose nitrate supplementation (1g/L). 16 It is clear that further investigation into the beneficial effects of dietary nitrate on both endothelial dysfunction and the subsequent development of atherosclerosis is needed. When considering these studies however, it is essential to take into account the dose of nitrate given. This is particularly important given the suggestion that a negative cross-talk exists between the endogenous NO synthase and exogenous nitrate-nitrite-NO pathways. 17 With this in mind, the aim of this study was to investigate the effect of low, moderate and high dose dietary nitrate supplementation on endothelial dysfunction and atherosclerotic lesion formation in the ApoE -/-mouse fed a high fat diet (HFD).
Methods

Animal study
The aims of this study were achieved via two separate animal studies, using male ApoE -/-mice on a C57BL6 background. The ApoE -/-mouse is a well established model of atherosclerosis that has been shown to develop spontaneous hypercholesterolaemia and atherosclerotic lesions when fed a HFD.
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Study 1 investigated supplementation with high dose nitrate (HDN) and included 6 male wild-type (WT) C57BL6 mice and 24 male ApoE -/-mice on a C57BL6
background. The WT mice were given specialised animal house drinking water (ddH 2 O + HCl) and acted as a healthy reference group. The ApoE -/-mice were randomly allocated to one of two treatment groups: (i) ddH 2 O + NaNO 3 (10 mmol/kg/day, high dose nitrate, n=12), or (ii) ddH 2 O + NaCl (1% w/v, control, n=12).
Study 2 investigated the effect of low and moderate dose nitrate (LDN and MDN respectively). In this study 60 male ApoE -/-mice on a C57BL6 background were randomised into one of three treatment groups: (i) ddH 2 O + NaNO 3 (0.1 mmol/kg/day, low dose nitrate, n=20), (ii) ddH 2 O + NaNO 3 (1 mmol/kg/day, moderate dose nitrate, n=20), or (iii) ddH 2 O + NaCl (1 mmol/kg/day, control, n=20).
Half the mice in each group were analysed at 2 weeks (short-term study), while the remaining half were analysed at 10 weeks (long-term study).
In both studies, NaCl was added to the water of the ApoE -/-mice not receiving nitrate and the mice on the low nitrate to maintain a comparable osmotic pressure and to account for the presence of sodium. In study 1, 10 g/L of NaCl was added to the control water and no NaCl was added to the high dose nitrate water. In study 2, 293 mg/L of NaCl was added to the control water, while 263 mg/L was added to the low dose nitrate water. No NaCl was added to the moderate dose nitrate water. All animals were between 6-8 weeks of age at the beginning of the study and were kept at 23±2 o C under a 12 hr light-dark cycle. All mice were given a week to acclimatise, after which they were fed a HFD (SF10-110, Glen Forrest Stockfeed, Australia) for 10 weeks, along with the allocated drinking water. The HFD contained 35% energy from carbohydrate, 42% energy from fat and 23% energy from protein. All mice were allowed ad libitum access to both food and water and body weight was checked weekly. The Royal Perth Hospital Animal Ethics Committee (R519/13-14 and R527/14-15) approved the use of animals and all experiments were conducted in accordance with the NHMRC guidelines for the care and use of laboratory animals.
Vascular function studies
After treatment periods, animals were anaesthetised using methoxyflurane gas (Biopharm, Australia). Blood samples were taken via cardiac puncture with continued inhalation of methoxyflurane and placed into tubes containing EDTA. Urine samples were removed via bladder puncture. Central incision exposed the abdominal and thoracic cavities and the heart was then perfused with saline (0.9%) until the liver appeared pale. The abdominal aorta was stripped of connective and adipose tissue and transferred to Krebs-Henseleit buffer (Sigma-Aldrich), which had been oxygenated with 95% O 2 /5% CO 2 .
The aortas were incubated in 95% O 2 /5% CO 2 at 37 o C for 1 hr before being cut into ~2mm segments, which were mounted on parallel wires in isolated tissue baths using the small vessel myography system 620M (DMT, Denmark). Vessels were primed with KPSS buffer (containing 123.7 mM KCl, 1.17 mM MgSO 4 , 1.18 mM KH 2 PO 4 , 2.5 mM CaCl 2 , 25 mM NaHCO 3 , 0.03 mM EDTA and 5.5 mM glucose) and mechanically stretched in a step-wise procedure to 9mN. Following pre-constriction with increasing doses of phenylephrine (Phe; 10 -9 to 10 -5 M) assessment of endothelium dependent relaxation was determined via relaxation to increasing doses of acetylcholine (ACh; 10 -10 to 10 -5 M). Pre-constriction with phenylephrine was then repeated and endothelium independent relaxation was determined by measuring relaxation response to increasing doses of sodium nitroprusside (SNP; 10 -9 to 10 -5 M) were performed as previously described.
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Atherosclerotic lesion size and composition Atherosclerotic plaque area was determined in the brachiocephalic artery (BCA) of ApoE -/-mice from Study 2 as previously described. 20 Collagen content and lipid deposition was determined in the atherosclerotic plaques as previously described. 21 Plaque stability was calculated as the ratio of collagen:lipid in each plaque.
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Plasma nitrate, nitrite and NOx concentrations Blood taken for analysis of nitrate, nitrite and NOx concentration was stored on ice immediately after collection and the plasma separated from red cells within 10 mins. Plasma nitrate and nitrite status was determined using a gas chromatography mass spectrometry (GCMS) method as previously described. 24 Plasma nitrosothiols were determined using a gas phase ozone based chemiluminescence assay as previously described. 25 Urinary cGMP was analysed as an indirect measure of NO production using a commercially available kit (Cayman Chemicals).
Protein expression
Expression of eNOS (BD Biosciences), p-eNOS (ser1177, Cell Signalling), iNOS (Cell Signalling), p-AMPK (thr172, Cell Signalling), AMPK (Cell Signalling), p-Akt (ser473, Cell Signalling), Akt (Cell Signalling), HO-1 (Enzo Lifesciences), gp96phox (Cell Signalling) and p47phox (Cell Signalling) proteins were analysed via western blot on isolated aortic tissue as previously described.
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Plasma and urinary F 2 -isoprostane analysis Plasma and urinary F 2 -isoprostane concentrations were determined using an isotope dilution GCMS method, as previously described. 26 Urinary concentrations were corrected for creatinine to account for variations in volume.
Plasma cholesterol levels
Plasma cholesterol levels were determined using a Cholesterol Assay Kit (Roche, Australia).
Statistical analysis
All data is presented as mean ± SEM. Vascular function data was analysed using mixed models with post hoc adjustment for multiple comparisons (SAS, version 9.3). All other analysis was performed using t-tests or one-way ANOVA with post-hoc comparisons, as appropriate (SPSS, version 21).
Results
Nitrate diet and animal characteristics
The concentration of nitrate found in the HFD is described in Table 1 . Based on previous studies 27 food consumption was assumed to be 5g chow per day and water consumption approximately 6 mL per day. In study 1, there was no significant difference in weight per se between the control mice and ApoE -/-mice, and no effect of high nitrate treatment on weight gain in the ApoE -/-mice. In study 2, there was no significant difference in weight gain between ApoE -/-mice fed the HFD alone or those supplemented with low or moderate dose nitrate ( Table 2 ). As expected, the ApoE -/-mice had significantly elevated plasma cholesterol levels compared to the WT mice ( Table 2 ).
The effect of dietary nitrate supplementation on vascular function
In study 1, investigating the effect of high dose nitrate on ACh-mediated vessel relaxation in WT and ApoE -/-mice fed a HFD, we found that the ApoE -/-mice had significantly impaired vascular function compared to the WT mice ( Figure 1a ). The addition of high dose nitrate to the HFD diet for 10 weeks had no beneficial effect on the vascular dysfunction ( Figure 1a ).
In study 2, we investigated the effect of low and moderate dose nitrate on AChmediated vessel relaxation in ApoE -/-mice fed a HFD. In the short-term (2 week) study, analysis revealed a non-significant trend towards improved vascular function in mice receiving either low or moderate dose nitrate compared to control ( Figure 1b ). Long-term (10 week) supplementation with dietary nitrate, at both the low and moderate doses, resulted in significant improvements in ACh-mediated vessel relaxation ( Figure 1c ) compared to mice fed the HFD supplemented with NaCl.
There were no significant differences in vessel relaxation response to the NO donor SNP in either study, between any of the treatment groups (included as supplemental data).
The effect of dietary nitrate supplementation on atherosclerotic lesion size and composition
In study 1, atherosclerotic lesions were observed in the aortic arch of the ApoE -/-mice, but not the WT control mice (Figure 2a ) and the mean atherosclerotic lesion area was significantly increased in ApoE -/-mice compared to WT mice. There was no effect of high dose nitrate supplementation on cross-sectional lesion area in the ApoE In study 2, mice from all three treatment groups showed atherosclerotic lesion formation in the aortic arch. Supplementation with low or moderate dose nitrate increased plaque collagen expression ( Figure 2b ) and reduced plaque lipid deposition (Figure 2c ). This resulted in an improvement in overall plaque stability, calculated as the collagen:lipid ratio (Figure 2d ). Supplementation with low or moderate dose nitrate was also associated with a small, non-significant reduction in plaque area (Figure 2e ).
The effect of dietary nitrate supplementation on NO production
In study 1, plasma levels of both nitrate and nitrite were significantly increased in the ApoE -/-mice fed a HFD supplemented with high dose nitrate ( Figure 3a ). The levels of nitrate were approximately 20 fold higher than the plasma levels of nitrite.
In study 2, short-term nitrate supplementation resulted in significant increases in plasma nitrate and nitrite only in ApoE -/-mice supplemented with moderate dose nitrate ( Figure 3b ). Long-term (10 week) nitrate supplementation resulted in a significant difference in overall concentrations of nitrite and other nitroso compounds (S-nitrosothiols, iron-nitrosyls, N-nitrosamines) in the ApoE -/-mice supplemented with moderate dose nitrate compared to both control and low dose nitrate (Figure 3c ). Urinary cGMP production was assessed in mice receiving the low and moderate dose nitrate, however this was not significantly different compared to the control ApoE The effect of dietary nitrate supplementation on eNOS signalling pathways Analysis of eNOS protein expression and eNOS phosphorylation was assessed in the thoracic aorta of mice in study 2. There was no significant difference in total eNOS protein expression or eNOS phosphorylation at the serine 1177 residue between control mice and mice supplemented with low or moderate dose nitrate (Figure 4a ). There was a significant reduction in p47phox expression following treatment with the moderate dose nitrate (figure 4b). However there was no significant effect of low or moderate dose nitrate supplementation on iNOS, pAMPK/AMPK, pAkt/Akt, gp91phox, or HO-1 expression in isolated thoracic aortas (Figure 4b ).
The effect of dietary nitrate supplementation on oxidative stress
In study 1, plasma F 2 -isoprostane levels were not significantly different between WT and ApoE -/-mice. Supplementation with high dose nitrate had no effect on plasma F 2 -isoprostanes ( Figure 5a ). In study 2, there was no significant difference in urinary F 2 -isoprotanes between the control, low nitrate and moderate nitrate dose groups ( Figure  5b ).
Discussion
We have previously shown that ApoE -/-mice fed a HFD develop hypercholesterolemia, which leads to both endothelial dysfunction and the development of atherosclerosis. 28 In the present study, we confirm our finding, with study 1 indicating the presence of both endothelial dysfunction and atherosclerotic lesions in the ApoE -/-mice, but not the WT mice, fed a HFD. Although supplementation with high dose nitrate had no effect on either vessel relaxation or lesion formation, study 2 revealed that low or moderate dose nitrate supplementation significantly improved the endothelial dysfunction associated with this mouse model. This improvement in endothelial function was also associated with an increase in plaque collagen expression and a reduction in plaque lipid deposition, which represents an increase in overall plaque stability. There were small reductions in plaque size following low and moderate dose nitrate supplementation. To our knowledge, this is the first study to demonstrate a beneficial effect of low to moderate dose nitrate supplementation on both atherosclerotic plaque composition and endothelial dysfunction in the ApoE -/-mouse.
Endothelial dysfunction is one of the first steps in the pathogenesis of atherosclerosis, occurring at the earliest stages of disease development and preceding any evidence of disease. 29, 30 The dysfunction is primarily thought to arise due to a reduction in the bioavailability and/or bioactivity of the important vasodilator NO and approaches that restore NO levels represent an attractive therapeutic option. Beetroot and green leafy vegetables are particularly rich in nitrate, which when absorbed, can be converted to nitrite and stored to act as a reserve pool or converted into NO for direct action. 31 Several clinical trials have demonstrated beneficial improvements following nitrate supplementation in both vascular function, as measured by flow mediated dilatation and cGMP concentrations, [32] [33] [34] and blood pressure. 4, 5 In the present study we have demonstrated for the first time that chronic low to moderate dose nitrate supplementation not only prevents the development of endothelial dysfunction in the ApoE -/-mice fed a HFD, but is associated with improvements in plaque composition and stability. This improvement in endothelial dysfunction following the low and moderate dose nitrate was observed as early as two weeks after treatment began, and was highly significant at ten weeks. These results suggest an immediate and direct effect of nitrate supplementation in restoring NO supplies, with beneficial effects extending beyond simply restoring normal vascular function.
Our study is in contrast to a recent study carried out in the LDL receptor knock-out mouse (LDLr -/-), where no improvements in blood pressure or atherosclerosis were seen following 14 weeks of nitrate supplementation. 16 However, in this study, the dose of nitrate given was 1g/L, 16 which is comparable to the high dose nitrate treatment group in our first study where we saw no beneficial effects on either vascular function or atherosclerosis. The dose given in our low and moderate nitrate treatment groups, where we did see beneficial effects on endothelial function and atherosclerosis, corresponds to < 0.01g/L and 0.1 g/L respectively. There was also a trend towards a small increase in aortic eNOS expression in the mice fed the low and moderate dose nitrate, suggesting that the mechanisms behind the beneficial effects of low and moderate dose nitrate on endothelial function may still be through direct effects on eNOS, including via increased expression, phosphorylation or nitrosylation. However, while beneficial, these effects may be small and/or transient, making them difficult to detect using western blot methods. In addition, there was also a trend towards increases in both AMPK and Akt phosphorylation following low and moderate dose nitrate. These are important kinases in the eNOS pathway and support the suggestion that dietary nitrate may mediate its beneficial effects via the eNOS pathway. Furthermore, there may be other steps in the eNOS signalling pathway not studied herein, including Hsp90 association, eNOS dimer formation and eNOS uncoupling that play a role in the observed beneficial effects. The role of eNOS uncoupling and subsequent superoxide production may be important to consider in future studies, as previous studies have shown that this plays a role in altered NO production in the ApoE -/-mouse.
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The lack of effect seen at the higher dose may be due to a negative cross-talk between the endogenous eNOS and exogenous nitrate-nitrite-NO pathways. Indeed, nitrate/nitrite derived NO and related nitrogen species may affect the activity of kinases and phosphases which modulate eNOS activity. 37 In a recent study, Carlstrom et al showed that at moderate doses, nitrate suppressed aortic eNOS phosphorylation at ser1177 (an activation site), while inducing eNOS phosphorylation at thr495 (an inactivation site). 17 Although we didn't observe any indications of cross-talk in the aortas of our mice fed the moderate dose, it should be noted that only healthy rats and mice were used in Carlstrom's study, in contrast to the atherosclerotic model used in our study. It may be that cross-talk between the endogenous and exogenous pathways is altered under different physiological conditions or diseased states. Furthermore, the nature of the cross-talk may be dose-dependent such that higher doses of nitrate exert a negative feedback on eNOS function. Such interplay may account for the lack of improvement in endothelial function in the ApoE -/-mice fed the high nitrate diet in study 1.
In addition to endothelial dysfunction, atherosclerosis is also characterised by the build up of lipid in the vessel wall. This is accompanied by monocyte adhesion, macrophage accumulation, inflammation and oxidative stress, all of which leads to lesion development and plaque formation. 10 A key component of plaque development is the nicotinamide adenine dinucleotide phosphate (NADPH) oxidase enzymes (NOXs). Expressed in the artery wall, they are a source of reactive oxygen species (ROS) that may contribute to oxidative stress and inflammation as well as promote lesion formation. 21 Within the ApoE -/-mouse, NOX2 is the predominant source of (ROS), with the isoform expressed in endothelial cells, adventitial fibroblasts and monocytes and macrophages. 38 Studies in ApoE -/-mice with p47phox deletion (a NOX organiser protein) have shown significantly reduced lesion formation compared to ApoE -/-mice alone. 38 Although we saw no effect on aortic expression of gp91phox (NOX2), we did observe a significant reduction in aortic p47phox expression, a key regulatory subunit of NOX2, in the mice receiving the moderate dose nitrate. This was accompanied by increased plaque collagen content and reduced lipid deposition in both the low and moderate dose nitrate treated mice. This increase in the collagen:lipid ratio indicates an overall increase in plaque stability in the mice treated with both low and moderate dose nitrate. Although plaque area did not differ significantly different between the groups, such an observation is not unexpected as the innominate artery is one of the first areas to develop plaque and therefore one of the hardest to cause regression. However, the change in plaque composition is an important finding as this highlights the role dietary nitrate plays in reducing lipid content and increasing collagen expression, leading to a plaque that overall has a lower risk of rupturing compared to the ApoE -/-mouse that didn't receive nitrate. The reduction in p47phox expression, coupled with the beneficial effects on atherosclerotic plaque composition, provides further evidence for the beneficial effects of nitrate supplementation and suggests that the protective effects of dietary nitrate extend beyond just preventing endothelial dysfunction.
As a secondary explanation, we also investigated the aortic expression of heme oxygenase-1 (HO-1). HO-1 is an inducible enzyme involved in the metabolism of heme, which has been shown to play a role in both vascular function and atherosclerosis. 39 We have previously shown that supplementation with quercetin, an important dietary flavonoid, protects the endothelium from oxidant-induced damage as well as reduces atherosclerotic lesion size in ApoE -/-mice, in part via a HO-1 dependent pathway. 28 We did observe a trend towards increased aortic expression of HO-1 in mice fed low or moderate dose nitrate compared to control, suggesting that the beneficial effects of dietary nitrate may act in part via a HO-1 dependent pathway, however further investigation is warranted.
The increase in both cholesterol levels and lesion formation we observed in the ApoE -/-mice compared to the WT mice following a HFD, confirms the use of this animal as a model of atherosclerosis. Interestingly, we saw no difference in the level of oxidative stress in these animals (compared to the WT mice), as measured by plasma and urinary F 2 -isoprostanes, a biomarker of lipid peroxidation. 26 Oxidative stress is thought to contribute to endothelial dysfunction via scavenging of NO by reactive oxygen species, as well as promoting the formation of lesions. 40 The lack of effect on markers of oxidative stress following nitrate supplementation in either study however, suggests that the improvements to vascular function and atherosclerotic plaque formation following the low and moderate nitrate doses occurred independently of oxidative stress. It is worth considering however, that both plasma and urinary measurement of lipid peroxidation may reflect overall systemic oxidative stress. A more relevant measure might be to investigate aortic levels of F 2 -isoprostanes or ROS. However, limitations of tissue availability in the present study prevented us from doing this.
We saw significant increases in plasma nitrate and nitrite in mice supplemented with high dose nitrate. In the mice receiving low or moderate dose nitrate however, we only observed significant increases in the moderate dose group. Previous human studies have seen increases in plasma nitrate or nitroso species at similar times to improvements in clinical measures such as blood pressure and endothelial function. 25, 41 However, in agreement with our study, other animal studies have failed to see increases in plasma nitroso species, despite improvements in vascular function. 17, 42 In the most recent study, Marsch et al initially observed elevated plasma nitrate and nitrite levels, which subsequently decreased over time, with plasma nitrite levels reaching baseline by 14 weeks. 16 This discrepancy may be due to a number of reasons, including; the use of a single bolus dose in acute human studies, methodological differences in measuring NO status and the likely small increases in plasma NOx seen with the low dose nitrate supplementation. It may be that these plasma increases, while significant enough to have a beneficial effect, particularly over a chronic feeding period, are too small to detect with available methods. It should also be considered that a negative feedback system exists, even at low dose nitrate supplementation levels. Such a system could mean that endogenous supplies are reduced or there's enhanced clearance from the body once the NO status has reached some sort of equilibrium through dietary supplementation.
Our own unpublished data demonstrates that there is ~2mg of nitrate per gram of green leafy vegetables, with 62mg of nitrate corresponding to 1mmol. The low dose nitrate used in the present study is therefore comparable to a single large serve (100g) of high nitrate green leafy vegetables in a human diet. The moderate dose nitrate would require a concentrated blend (1kg) of high nitrate green leafy vegetables. These amounts could be reduced with consumption of beetroot. The high dose nitrate, for which we saw no beneficial effects, could only be achieved via the use of nitrate supplements, which would also contain high levels of sodium. Although a typical mouse diet is not expected to include significant amounts of nitrate, the improvements we've observed following low and moderate dose nitrate provide strong evidence for a beneficial effect following a small dietary change. While we are limited to a certain extent by the use of an animal model of atherosclerosis, our findings provide evidence that a relatively small and easily achievable dietary change can provide significant beneficial effects. Future, longer-term studies in humans, particularly those at high risk of CVD or consuming very low dietary nitrate, are warranted.
In conclusion, the present study has demonstrated for the first time, that supplementation with low and moderate dose nitrate can improve endothelial function and atherosclerotic plaque composition in the ApoE -/-mouse fed a HFD. Although the exact mechanism remains to be elucidated, these findings provide further evidence for the potential beneficial effects of a diet rich in vegetables on CVD. Relaxation (% pre-constriction)
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